The Jireugi techniques in the previous studies were mostly performed in a Juchumseogi stance. Taekwondo Juchumseo Jireugi is a basic movement designed for training, rather than attacking. One may train with the kinematic factors of Taekwondo through repeated practice of Juchumseo Jireugi movements (Park et al., 2008) . Because Juchumseogi Jireugi cannot deliver much force or power, analyzing its velocity, force, and power may be unreasonable. Juchumseo jireugi was not performed in these studies of Official Poomsae Taekwondo hand techniques. Jireugi was performed in an anterior-posterior stance during board breaking, and Jireugi attacks were made in an anterior-posterior fighting stance during battles, (Yoo, 2015a (Yoo, , 2015b Yoo et al., 2016) . According to Taekwondo Poomsae competition rules (KTA, 2015) , Jireugi is defined as striking with the fist, with one foot placed forward and one foot placed back. Jireugi carries its original value when performed in an Apkubi or Apseogi stance. It is most appropriate to study the velocity, force, and power of Jireugi in an Apkubseogi or Apseogi stance.
This study analyzed kinematic factors of the upper limbs, trunk, pelvis, and waist, and investigated their influence on maximum Jireugi velocity.
METHODS

Subjects
Twenty Taekwondo Poomsae athletes from K University who competed in the National Taekwondo Poomsae Championships between 2014 and 2015 were recruited for this study (16 male athletes, 4 female athletes; mean age 20.8±2.2 years; mean height 171.5±7.0 cm; mean body mass 66.2±8.0 kg).
Procedure
Abkubi Momtong Baro Jireugi was analyzed in this investigation of the influence of kinematic factors of the trunk, pelvis, and waist on the velocity of Jireugi. Reflective markers were attached to the centers of joints and segment surfaces. Each participant performed five Abkubi Momtong Baro Jireugi movements. Eight infrared cameras (Oqus 300, Qualisys, Sweden) filmed the movements at 200 Hz. 
Data analysis
Qualisys
Phases of Jireugi
The movement of Abkubi Momtong Baro Jireugi was divided into acceleration and deceleration phases for effective analysis, as seen in Figure 2 (Yoo, 2015b) .
1) Acceleration phase (Phase1)
From the moment the fist starts moving in the direction of Jireugi (Event1) to the moment the fist reaches maximum velocity (Event2). 
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2) Deceleration phase (Phase2)
From the moment maximum velocity is reached (Event2), after which the fist decelerates, to the moment the fist has completely stopped (Event3).
Variables analysis
To investigate the influence of three-dimensional trunk, pelvis, and waist movements on Abkubi Momtong Baro Jireugi velocity, the 3-dimensional angles, angular velocities, and angular segment and joint accelerations were calculated (Hamill & Ryu, 2003; Winter, 2009; Yoo, 2015a; Yoo et al., 2016) .
1) Linear velocity and linear acceleration of the upper limbs
Using the finite-difference technique, the linear velocity and acceleration were calculated by taking the derivative of the time function. The forward movement was set as (+), and backward movement, as (-).
2) Angular velocity and angular acceleration of the upper limbs
Angular velocity and acceleration were calculated by taking the derivative of the time function. The forward movement was set as (+) and backward movement was set as (-).
3) 3-D segment angle
To obtain the local coordinates of the trunk and pelvis, the left-right axis was set as the x-axis, the anterior-posterior axis as the y-axis, and the vertical axis as the z-axis. The reflective marker coordinates were obtained with the participant in a stationary anatomical stance (ready stance) before performing Jireugi. These coordinate values were used to set the calibration unit vector that would represent the segments. The unit vector was calculated as the cross product following the right hand rule. The product of the calibration unit vector (CV) of each segment and the tracking unit vector (TV) calculated for each Jireugi performed was expressed as a 3x3 matrix, and the 3-dimensional segment angles were calculated as shown below (Yoo, 2015a; Yoo et al., 2016) . X-axis rotation signified flexion and extension; y-axis rotation, left and right flexion; and z-axis rotation, left and right rotation. Counterclockwise direction was set as (+) and clockwise direction was set as (-).
4) 3-D angular velocity and angular acceleration
Since the axes of the trunk, pelvis, and waist change over time, it is difficult to use the derivative of time to calculate angular velocity and acceleration. They were calculated after changing the coordinates based on the rectangular coordinate system (Hamill & Ryu, 2003; Yoo, 2015a) .
Where ωx, ωy, ωz = angular velocity for each direction, αx, αy, 
Statistical analysis
In this study, multiple regression analysis was performed to investigate the influence of trunk, pelvis, and waist kinematic factors on Taekwondo 
RESULTS
In this study, upper limb angular velocity and angular acceleration, and the 3-dimensional angles, angular velocity, and angular acceleration of the trunk, pelvis, and waist were calculated. Multiple regression analysis was performed to investigate their influence on Jireugi maximum velocity.
Phase durations
Time spent in each phase is shown in Table 1 . P1 lasted 0.26±0.04 seconds, and P2 lasted 0.16±0.04 seconds.
Peak segment velocity and acceleration
The peak velocities and accelerations of the upper arms and forearms are shown in Table 2 . Forearm values were greatest, followed by those of the upper arms and trunk. The patterns of changes in velocity and acceleration are shown in Figures 3 and 4 . The trunk reached peak velocity and acceleration first, followed by upper arms and forearms.
3-D trunk, pelvis, and waist angles
The 3-dimensional angles of the trunk, pelvis, and waist are shown in Table 3 
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3-D angular velocities of the trunk, pelvis, and waist
The angular velocities of the trunk, pelvis, and waist are shown in 
3-D angular acceleration of the trunk, pelvis, and waist
The 3-dimensional angular accelerations of the trunk, pelvis, and waist are shown in 
Correlation coefficient
The correlation coefficients between punching speed and kinematic variables are shown in Table 6 . Punching speed was positively correlated with the linear velocity and acceleration of the upper arm (r=.766, p= 0.000, r=-.757, p=0.000) and forearm (r=0.723, p=0.000, r=-.564, p= 0.010) of the punching arm. It was negatively correlated with the linear velocity and acceleration of the upper arm (r=0.721, p=0.000, r=-.637, p=0.003) and forearm (r=0.640, p=0.003, r=-.551, p=0.012) of the pulling arm. Punching speed was positively correlated with the trunk rotation angle (r=.509, p=.022) at E1, and trunk rotation range (r=.585, p=.007) and waist left·right flexion range (r=.596, p=.006) during P1.
Punching speed was negatively correlated with the waist left · right flexion angle (r=-.540, p=.014) at E1. Punching speed was negatively correlated with the rotation velocity of the trunk (r=-.547, p=.013) and waist (r=-.509, p=.022), as well as the rotation acceleration of the trunk (r=-.490, p=.022) during P1. The independent variables did not have a statistically significant influence on the punching speed.
The multiple regression analysis of upper segment linear accelerations on punching speed is shown in Table 8 . All of the independent variables had VIFs of less than 10.0, and did not have problems of multicollinearity.
The coefficient of determination R 2 was .592 and Durbin-Watson statistic was 1.087, and they were statistically significant at F(4, 15) = 5.443, The multiple regression analysis of the influence of the angles and motion ranges of the trunk, pelvis and waist on punching speed is shown in Table 9 . Among the independent variables, the trunk rotation The multiple regression analysis of the influence of the angular acceleration of the trunk, pelvis, and waist on punching speed is shown in 
DISCUSSION
This study investigated the influence of 3-dimensional trunk, pelvis, and waist movements on the maximum Jireugi velocity. The angles, angular velocities, and angular accelerations of the trunk, pelvis, and waist were calculated, and multiple regression analysis was performed to study their correlation with Jireugi speed.
P1, which terminates at the moment maximum punching speed is reached, lasted 0.26±0.04 seconds (61.69±8.28% of the total time), and P2 lasted 0.16±0.04 seconds (38.31±8.28% of the total time). In a study by Ahn (2012) , the maximum punching speed was reached at 69.14% of the total time mark by Kkeunoh-jireugi, and at 76.66% by Miro-jireugi. In a biomechanical analysis of Apkubi Momtong Baro
Jireugi (Yoo, 2015b) , the maximum punching speed was reached at 57.24% of the total time. Compared to these results, the maximum punching speed in this study was reached relatively late. While the maximum speed of distal segments is usually reached at 80% of the total time in typical open kinetic chains, the maximum punching speed in this study was reached relatively earlier. This is attributed to abrupt halting of the hand movement with accurate position and timing, which is characteristic of Taekwondo hand techniques (Yoo, 2015a; Yoo 2015b) , as well as the linear acceleration of the upper limbs in the direction opposite their movement after reaching maximum punching speed.
The maximum punching speed of 7.46 m/s in this study was higher than those found by Choi (2004) , Kang, Kim, Shin, Kim, and Kim (2007) , and Ahn (2012) : 4.9 m/s, 5.99 m/s and 6.5 m/s, respectively. This may be due to the fact that Jireugi was performed for a short distance in a Juchumseogi stance in these studies, whereas it was performed in an Apkubi stance in this study.
The linear acceleration of the segments was greatest in the forearms, followed by upper arms and trunk. Maximum velocity and acceleration were reached first in the trunk, then upper arms and forearms. This result is consistent with a kinematic analysis of Jireugi by Yoo (2015b) .
It appears that the maximum acceleration moves sequentially from the proximal segments to the distal segments (Putnam, 1991 (Putnam, , 1993 Steindler 1977; Yoo, 2015a Yoo, , 2015b Yoo et al., 2016) . Analysis of the correlation between maximum punching arm speed and upper arm linear velocity and acceleration showed that the velocity of the punching arm was strongly positively correlated with the punching upper arm and forearm, and strongly negatively correlated with the pulling upper arm and forearm. Similar to Yoo's opinion (2015b) that the velocity of the pulling arm determines the punching velocity, the result of this study suggests that the faster the pulling arm is pulled, the greater the punching velocity.
Regarding the 3-dimensional trunk, pelvis, and waist angles, the trunk had right flexion during P1. We believe that as the fist was raised to shoulder height, the left shoulder was also raised during this phase.
The trunk rotated 73° to the right, and the pelvis rotated 24° to the right. The waist angle, which is the angle of the trunk relative to the pelvis, rotated to the right by 52°. Choi (2013a Choi ( , 2013b Choi ( , 2013c , Choi et al. (2014) , and Yoo (2015b) observed similar twisting patterns of the waist. At E1, the waist twisted in the direction opposite the punching arm, at the moment of reaching maximum punching speed (E2), it twisted in the direction of the punching arm. There were huge variations in the angular velocities and accelerations about the left-right and anterior-posterior axes in the 3-dimensional angular velocities and accelerations of the trunk, pelvis, and waist; no regular pattern emerged. The trunk should be further divided into different parts in future research. The angular velocities and acceleration of the trunk and pelvis about the vertical axis had a similar pattern as that observed in a study by Lee and Park (2015) . This result was consistent with studies by Choi (2013a Choi ( , 2013b , and Choi et al. (2014) , who emphasized that the movement of the waist about the vertical axis was responsible for left rotation acceleration, in the direction opposite punching, at maximum punching speed. The power of the waist was positive, and became negative over time.
In correlating the trunk, pelvis, and waist angles with punching speed, maximum punching speed increased as the angle of trunk rotation about the vertical axis increased in the direction opposite punching, and the left flexion angle of the waist increased at E1. The maximum punching speed also increased as the rotation range of the trunk and the right flexion range of the waist about the vertical axis increased.
During the P1, the maximum punching speed increased with the rotation velocity and acceleration of the trunk and the rotation velocity of the waist about the vertical axis. Similar to the results of studies by Choi (2013a Choi ( , 2013b and Choi et al. (2014) , which emphasized the importance of the trunk, pelvis, and waist movements about the vertical axis during the execution of Jireugi, the movements of the trunk and waist in this study also appeared to have a positive influence on the punching speed.
In the multiple regression analysis results, the independent variables that had statistically significant explanatory power were the linear acceleration of the upper limbs and the rotation acceleration of the trunk. The maximum linear acceleration of the punching upper arm and the maximum right rotation angular acceleration of the trunk were statistically significantly positively correlated with punching speed. This means that punching speed increases as the rotation acceleration of the trunk and the linear acceleration of the upper arm increase in the direction of punching during P1. According to theories of motor mechanics, acceleration is defined as the rate of change of velocity, or the cause of changes in velocity (Hamill & Ryu, 2003) . The rotation acceleration of the trunk and the linear acceleration of the upper arm are thus important factors in Jireugi punching speed.
CONCLUSION
In this study, multiple regression analysis was performed to investigate the influence of the kinematic factors of the upper limbs, trunk, pelvis, and waist on maximum punching speed. The multiple regression results
showed that the linear acceleration of the punching upper arm and the rotation acceleration of the trunk had a statistically significant influence on the punching speed. The abilities to accelerate trunk and punching arm movements are important for successful Jireugi delivery.
